Water plays a crucial role in facilitating the structural flexibility and chemistry of proteins ([@r1][@r2][@r3][@r4]--[@r5]). For some proteins, this flexibility and chemistry are attributed to a string of hydrogen-bonded water molecules known as a water wire, as in potassium channels, aquaporins, and gramicidin A (gA) ([@r6][@r7][@r8]--[@r9]). In the latter case, a water wire mediates the transport of protons and other monovalent cations across cellular membranes ([@r10]). Many novel materials also utilize water wires, including carbon nanotubes ([@r11]), a self-assembled imidazole I quartet superstructure with potential applications for desalination ([@r12]), and a bole-amphiphile-triazole compound that undergoes self-assembly to form pores analogous to gramicidin A (gA) ([@r13]). Discovered in 1939 ([@r14]), gA was the first antibiotic to be used clinically and continues to be used today to treat certain eye infections ([@r15]). The antimicrobial activity derives from its ability to form a transmembrane channel that is selective for monovalent cations.

gA forms a β-strand of alternating D- and L-amino acids wound into a right-handed helical structure with 6.3 residues per turn. The alternating chirality of the amino acids results in the side chains being on one side of the β-strand facing the fatty acyl chains of the membrane environment while the peptide planes line an aqueous pore ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001083117/-/DCSupplemental)). The all atom high-resolution dimeric structure was characterized from oriented sample solid-state NMR (OS ssNMR) spectroscopy in lipid bilayers ([@r16], [@r17]). Solution NMR in detergent micelle environments has also shown the same hydrogen-bonding pattern for the backbone structure lining the pore ([@r18], [@r19]). In a lipid bilayer, gA forms an N terminus-to-N terminus dimer, with the formylated (F) N termini at the center of the bilayer ([@r20]). The C termini are capped with ethanolamine; the outermost even-numbered carbonyls L14, L12, and L10 in each subunit form the channel entrance and facilitate the dehydration of cations in a stepwise process ([@r21]). These three sites are exposed to a successively decreasing number of waters, with L10 typically interacting with three waters. The ^15^N OS ssNMR studies with single occupancy K^+^ showed very small structural perturbations and, even with double occupancy, only minor structural perturbations at the mouth of the pore. The maximal effect was observed at the W13 ^15^N backbone site in the peptide plane, with the L12 carbonyl resulting in a maximal structural perturbation of just 4° ([@r21]). In the analysis presented here for ^17^O OS ssNMR, the perturbations of the pore lining residues were dominated not by minor structural effects, but by a dramatic influence of selective hydrogen bonding on the quadrupolar interaction. The single file aqueous pore, terminated by the two L10 carbonyls, is only wide enough to host a single file of hydrogen-bonded water molecules: i.e., a water wire, as well as various monovalent cations ranging from Li^+^ to Cs^+^. The peptide planes of gA are nearly parallel to the pore axis, with odd-numbered carbonyls in both subunits oriented toward the bilayer center and even-numbered carbonyls toward the bilayer surfaces. Upon entering the water wire region of the channel, a cation interacts with only two waters and possibly pairs of carbonyl oxygens following a spiral path through the pore ([@r21]).

The potential of ^17^O NMR for elucidating functional understanding of biological chemistry has long been recognized ([@r22][@r23][@r24][@r25][@r26][@r27][@r28][@r29][@r30][@r31][@r32][@r33]--[@r34]). Preliminary results from ^17^O-labeled L10, L12, and L14 in the presence of double occupancy K^+^ have been reported using low field spectroscopy showing that ^17^O spectroscopy would be a much more sensitive tool for such studies than ^15^N spectroscopy ([@r34]). The site-specific labeling of gA carbonyl oxygens permitted acquisition of high-resolution data from individual atomic sites interacting with the water wire in the pore and with cations at the opposite ends of the pore. However, the low-gyromagnetic ratio of ^17^O, its quadrupole moment, and resulting broad spectral resonances make ^17^O NMR spectroscopy challenging. Here, we overcame this challenge by acquiring ^17^O OS ssNMR spectra at 35.2 T (1,500 MHz for ^1^H and 203 MHz for ^17^O), a field strength 25% higher than the highest commercially available NMR spectrometers (28.1 T or 1,200 MHz for ^1^H). The results reveal that selective pore-lining carbonyl oxygens form remarkably stable hydrogen bonds with waters in the wire, such that the water wire does not change its orientation on the millisecond NMR timescale. The stable orientation of the water-wire dipole also provides a simple explanation for the low affinity of the second cation binding site in this dimeric channel, despite a separation of ∼24 Å from the first binding site at the opposite end of the pore. The ^17^O NMR spectroscopy reported here represents a breakthrough in ultra-high field NMR technology that will have applications throughout molecular biophysics, because of the acute sensitivity of the ^17^O nucleus to its chemical environment ([@r32][@r33]--[@r34]).

Results {#s1}
=======

The antiparallel dimeric symmetry of the gA structure has been extensively documented in lipid bilayer environments, as well as in detergent-based membrane mimetic environments (Protein Data Bank \[PDB\] ID codes 1NRM, 1JNO, 1MAG, and 1GRM) ([@r18], [@r19], [@r35]). As further support of this symmetry, ^15^N OS ssNMR spectra were acquired at 35.2 T. Slices through the ^15^N anisotropic chemical shift and ^1^H-^15^N dipolar coupling dimensions of a two-dimensional (2D) spectrum obtained from a uniformly oriented sample are shown in [Fig. 1](#fig01){ref-type="fig"} ([@r36]), along with a gA structure illustrating the ^15^N-labeled sites. Importantly, the single dipolar coupling and chemical shift peaks for each labeled site document with high precision the structural symmetry of the two subunits in the transmembrane dimer. The very narrow line widths (1.5 to 2.0 parts per million \[ppm\]) of the chemical shift resonances relative to the chemical shift anisotropies of 169 ppm for G2 and 175 ppm for A3, and the narrow line widths of the ^1^H-^15^N dipolar couplings, which report on the N--H bond orientation with respect to the gA channel axis, define the bond orientations with a very small imprecision of less than 2.0°, for the orientation of the peptide planes containing the two ^15^N sites ([@r37]). These narrower line widths in the current spectra compared to the Mai et al. spectra obtained at 4.7 T ([@r37]) are in part due to an enhanced alignment of the samples at the much higher magnetic field strength. It is also important to note that these data are within the error bars of those reported 26 y ago ([@r16], [@r37]). The dipolar couplings and anisotropic chemical shifts determined here are very similar to those determined previously: 21.4 ± 0.4 kHz and 222.6 ± 1 ppm (vs. 21.8 kHz and 224 ppm in 1993) for the A3 ^15^N site and 17.8 ± 0.6 kHz and 137.5 ± 1.5 ppm (vs. 17.6 kHz and 139 ppm in 1993) for the G2 site. [*SI Appendix*, Figs. S2 and S3, Table S1, and *Supplementary Information Text*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001083117/-/DCSupplemental) present additional data demonstrating the dimeric symmetry of the gA structure in the same lipid bilayer environment as used in this study. Furthermore, the symmetry of the antiparallel gA structure mimics the "antiparallel" symmetry of the lipid bilayer environment. Indeed, based on the ^15^N data and the lipid environment, there is no expectation that the structure should be anything but symmetric.

![Slices through the ^1^H-^15^N dipolar and ^15^N anisotropic chemical shift dimensions of the 2D OS ssNMR (SAMPI4) spectra of ^15^N G2- and ^15^N A3-labeled gA at 35.2 T ([@r36]), showing excellent alignment of gA in liquid-crystalline lipid bilayers of DMPC and precise dimeric symmetry of the structure. The gramicidin structure is a dimer (upper monomer carbon is light blue and nitrogen dark blue; lower monomer carbon is gold and nitrogen dark blue). Oxygen is red and hydrogen is white. This illustrates the two ^15^N-^1^H sites in each subunit (dark blue and white spheres) that were ^15^N-labeled for this OS ssNMR sample in the liquid-crystalline preparation. The spectrum of the two A3 sites is shown on the left and the two G2 sites on the right.](pnas.2001083117fig01){#fig01}

Prior OS ssNMR spectra of single site ^17^O-labeled gA at lower fields (19.6 and 21.1 T) showed single broad (∼30 ppm) resonances even in the presence of ^1^H decoupling ([@r24], [@r34]), but, at the higher field of 35.2 T, the ^17^O line widths are reduced by more than a factor of two due to increased alignment and reductions in the second-order quadrupolar shielding and *T*~2~ relaxation line width in units of ppm ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001083117/-/DCSupplemental)) ([@r38], [@r39]). This permits resolution of the two ^17^O resonances for each of three labeled carbonyl sites in the gramicidin dimer ([Fig. 2](#fig02){ref-type="fig"}). ^17^O peak positions which are sums of the chemical and second-order quadrupolar shifts are dominantly determined by the chemical shift term at the 35.2-T field. The other two ^17^O-labeled carbonyl sites are in the final turn of the helical structure at the membrane interface exposed to the bulk aqueous environment. Each of these interfacial sites displays a single resonance, resulting from an averaged environment due to rapid hydrogen bond exchange with the bulk aqueous environs. In addition, these two resonances are shifted upfield, reflecting increased peptide plane dynamics and hydrogen bonding with water in the final turn of the structure. A similar averaging of the anisotropy was previously observed for amide ^15^N OS ssNMR resonances in the last turn of the helix ([@r37]). G2 and L4 ^17^O resonances are downfield relative to the L10, -12, and -14 counterparts because these peptide planes are each stabilized with hydrogen bonds to pairs of adjacent peptide planes ([@r37]). The L10 carbonyl peptide plane is likely hydrogen bonded to the ethanolamine C-terminal blocking group for at least a portion of the time, generating an intermediate shift.

![^17^O OS ssNMR of gA dimer in liquid-crystalline lipid bilayers at 35.2 T. G2, L4, L10, L12, and L14 were individually labeled with ^17^O such that each sample was labeled in both gA subunits with the same isotopically labeled amino acid residue as shown in the structural model. The two subunits are distinguished here with residue labels primed in one subunit and unprimed in the other subunit. The ^1^H decoupled spectra show single resonances for L12 and L14 and two resonances for each of the other three sites: G2, L4, and L10. The colors in the structure are explained in [Fig. 1](#fig01){ref-type="fig"}.](pnas.2001083117fig02){#fig02}

Two Resonances for Sites Lining the Pore. {#s2}
-----------------------------------------

Notably, the ^17^O OS ssNMR spectra for G2, L4, and L10 each show a pair of resonances, which suggest the existence of two distinct chemical environments for each of their carbonyl oxygens. An analysis of the spectral intensities of the well-resolved G2 and L10 resonance pairs is presented in [*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001083117/-/DCSupplemental), showing approximately equal intensities for the two resonances in each pair. Previously, all of the gA structures that support a cation conducting pore have demonstrated dimeric symmetry as discussed above. Indeed, no evidence for asymmetry either in the polypeptide backbone or in the side chains has been reported by solution or ssNMR spectroscopy ([@r16][@r17][@r18]--[@r19], [@r36]). Likewise, X-ray structures from lipidic cubic phase and organic solvents that stabilize nonconducting intertwined double helical structures are all symmetric dimers ([@r40][@r41]--[@r42]). Furthermore, the very high resolution of the ^15^N data shown in [Fig. 1](#fig01){ref-type="fig"} presents the strongest evidence for structural equivalence between the two subunits. If the pairs of ^17^O resonances were interpreted as structural differences, the predicted ^15^N anisotropic chemical shifts and ^15^N-^1^H dipolar couplings could not be reconciled with the experimental data ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001083117/-/DCSupplemental)).

Even for a dimer with the same structure, asymmetry can arise from differences in the chemical environment in the pore. Specifically, a water wire that forms an electric dipole extending the full length of the pore, as shown by molecular dynamics (MD) simulations ([@r43], [@r44]), if stably oriented on the NMR timescale, could break the antiparallel symmetry of the gA subunits ([Fig. 3*A*](#fig03){ref-type="fig"}). Hydrogen bonding to selective backbone carbonyl oxygens from the water wire could lead to inequivalent chemical environments for the two subunits and hence a pair of resonances for each labeled site, as detected here for the carbonyl ^17^O resonances from G2, L4, and L10 in the two subunits. Moreover, we note that ^17^O spectroscopy is particularly sensitive to hydrogen bonding ([@r25], [@r26], [@r32], [@r33], [@r45][@r46][@r47][@r48]--[@r49]). Indeed, through the ^17^O quadrupolar interaction, it is entirely possible to explain the observed ^17^O resonance frequencies solely by differences in the interaction strength with the water wire: i.e., without the need for altering the structural symmetry of the dimer, as described in detail below.

![(*A*) MD snapshot of a water wire, placed in the 1MAG structure and optimized by DFT, showing hydrogen bonding between the water wire and L10 and G2 carbonyls of the upper subunit (bright green) as well as hydrogen bonding between water molecules (pale green). Colors of atoms as in [Fig. 1](#fig01){ref-type="fig"} except that the ^17^O-labeled peptide planes are colored in turquoise. L4 does not receive a hydrogen bond while L4′ appears to be in a position to receive a weak hydrogen bond. (*B*--*D*) Observed ^17^O spectral resonances for the L10 (*B*), L4 (*C*), and G2 (*D*) ^17^O (blue). The resonances marked (\*) are shifted upfield by hydrogen bonding with water. Also shown are DFT calculations of the ^17^O frequency shift difference between the two subunits (red bars) compared to the observed shift difference (blue bars). Water interactions with these six carbonyl oxygens in the DFT optimized structure are shown with individual carbonyl oxygens (deep red) interacting or not interacting with water molecules..](pnas.2001083117fig03){#fig03}

The ^17^O spectra of the six labeled pore-lining carbonyls indicate that the magnitude of the influence by the chemical environments varies not only from one subunit to the other, but also from one site to another within a subunit, such that, for G2 and L10, nearly baseline resolution is observed while, for L4, the two resonances are barely resolved. To understand these differences, we note that a single file of eight waters, with an average spacing of ∼2.85 Å between nearest neighbors, extends through the gA pore over a total length of 20 Å, slightly greater than the 19.2-Å separation of the two L10 carbonyl oxygens in the dimer. With one proton in each water molecule projected axially to form the water wire, only eight protons from the water wire project equatorially to potentially hydrogen bond with a selection of the 28 gA carbonyls lining the pore between and including the L10 sites. Some of these carbonyls may be in an optimal position for a stable hydrogen bond with water, others may compete with adjacent sites for hydrogen bonding to the same water, and still others may have little chance for hydrogen bonding to waters.

For the water wire to induce observable differences in the ^17^O shifts (where "shifts" refer to the combination of chemical and quadrupolar components that comprise the ^17^O resonances) between the two subunits, these hydrogen bonding interactions with water must be stable for a period of time greater than the inverse of the separation between the two observed ^17^O resonances in units of hertz. For L4, the separation of the frequencies is 1.4 kHz; for G2, it is 4.7 kHz; and, for L10, it is intermediate at 2.8 kHz. These observations consequently require the lifetime of the water wire orientation to be longer than 0.7 ms; otherwise, exchange between the water hydrogen bonded and nonhydrogen bonded states will result in averaging of the resonance frequencies, as shown by the L12 and L14 resonances through their rapid exchange with the bulk water. Raising the temperature should shorten the lifetime of the water wire orientation. [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001083117/-/DCSupplemental) displays a comparison of data obtained at 30 °C and 52 °C for the L10-labeled site, showing that the spectra are superimposable. Hence, there is no sign that raising the temperature to 52 °C shortens the observed lifetime of the water wire orientation, suggesting that the stability of the water wire at 30 °C is greater than 0.7 ms.

We investigated carbonyl--water hydrogen bonding interactions by MD simulations. The simulations showed the gA pore filled with a single file of eight ordered water molecules and that the lifetime of the electric dipole orientation of the water wire in these simulations was on the order of 0.1 ns. The O--O separation of ∼2.85 Å between adjacent water molecules is similar to the carbonyl O--O separation of ∼3.1 Å along the pore axis between *i* and *i* + 4 carbonyls in a subunit. For example, the L10 and G2 carbonyls match the water positions ([Fig. 3](#fig03){ref-type="fig"}) reasonably well, resulting in hydrogen bonds with water protons from the first and third waters in the water wire, but not for the isotopically labeled L4. Instead it is the unlabeled V6 site that would be in a position to hydrogen bond with the second water. After G2, the mismatch in position between the water protons and the carbonyl oxygens accumulates along the pore axis, resulting in different hydrogen bonding options for the waters in the second gA subunit (designated with a prime). Specifically, the fourth water may hydrogen bond with A3 or V1′, the fifth water with the formyl′ (F′) or A5′, the sixth water with L4′ or W9′, the seventh with V8′ or W13′, and the eighth with L10′ or W15′.

We then quantified the influence of hydrogen bonding between the waters and carbonyl oxygens on the carbonyl ^17^O shifts by density functional theory (DFT) calculations. We chose a snapshot of a typical continuous water wire from MD simulations, replaced the channel with the symmetric gA structure (PDB ID code 1MAG), and optimized the geometry by DFT prior to NMR chemical shift calculations ([Fig. 3*A*](#fig03){ref-type="fig"}). The carbonyl oxygen shifts calculated by DFT for the G2, G2′, L4, L4′, L10, and L10′ sites have differences between the subunits that agree well with the experimental data ([Fig. 3 *B*--*D*](#fig03){ref-type="fig"}). Hence, we are in a position to make assignments for the resonances of the labeled sites. Both the G2 and L10 carbonyls (in the first subunit) have stable hydrogen bonding with waters near the negative end of the electric dipole while G2′ and L10′ (in the second subunit) have very limited opportunities for hydrogen bonding. Of the pairs of resonances from the G2- and G10-labeled samples, the upfield ones belong to G2 and G10 in the first subunit ([Fig. 3 *B* and *D*](#fig03){ref-type="fig"}). The upfield shift of the ^17^O resonances upon hydrogen bonding is well-documented in the literature for model systems ([@r25], [@r26], [@r32], [@r33], [@r45][@r46][@r47][@r48]--[@r49]). The uniformity of the hydrogen bonded and nonhydrogen bonded populations is clear for these sites by the equivalent spectral intensities, as simulated in [*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001083117/-/DCSupplemental).

The situation is very different for the L4-labeled sample. First, the upfield resonance belongs to L4′ in the second subunit, which, as mentioned above, has the possibility to hydrogen bond with the sixth water ([Fig. 3*C*](#fig03){ref-type="fig"}). Second, the upfield shift of the L4′ resonance is relatively small, consistent with the DFT calculation, suggesting nonoptimal geometry when the L4′--water hydrogen bond does form. Third, the intensity of the upfield L4′ resonance is clearly not equal to that of the downfield L4 resonance. We interpret the unequal intensities as indicating that L4′ has two populations: the one where the L4′--water hydrogen bond does form, giving rise to the upfield resonance, and the other where this hydrogen bond does not form, giving rise to a downfield resonance that merges with the L4 resonance. The result is a significant intensity difference between the two resonance frequencies. Note that the population heterogeneity of the L4′ site has to be stable on the millisecond timescale as rapid exchange would lead to a resonance with intensity equal to that of the L4 resonance.

Importantly, the ^15^N OS ssNMR data ([Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001083117/-/DCSupplemental)), which are particularly sensitive to the orientation of the peptide planes in the gramicidin backbone, show no distinction between these two subunits. Specifically, the A3 amide site is part of the same peptide plane as the G2 carbonyl. Changes in the dynamic average of the peptide plane tilt angles of even 1° to 2° can be detected by such spectra. The lack of structural distortion induced by hydrogen bonding with water is due to the fact that the waters in the water wire can shift their position within the narrow pore toward the carbonyl oxygens without disrupting the hydrogen bonding between the water molecules and without inducing a structural change in the backbone.

It is clear, in all of the MD simulations, that there is a preference for specific water--carbonyl hydrogen bonds; however, the modeled lifetimes (subnanosecond) of these interactions, which are largely independent of the water models used ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001083117/-/DCSupplemental)), are significantly shorter than the lifetimes (millisecond) observed by the ^17^O NMR spectral results. The water models, such as TIP3P and SPC, in classical MD simulations, have been optimized to reproduce the properties of bulk water (with an average of ∼3.6 hydrogen bonds per water). However, in the pore, the water molecules are not bulk-like but are restricted to a maximum of three hydrogen bonds per water---two of those bonds are with adjacent waters, and the third is with a carbonyl oxygen. Therefore, it may not be very surprising that the stability of the water wire in gA is not optimally modeled by these water models. Recent ab initio MD simulations have shown that, while interacting with a chloride ion, the water dipole flips rapidly on the picosecond timescale, but, with a fluoride ion where the proton approaches more closely, the water dipole becomes stable ([@r50]). This work hints that a quantum treatment of the water wire in the gA pore, where waters are restricted in orientation to form strong interactions with carbonyls, may have a much longer lifetime than in the classical MD simulations. Still, the MD simulations sampled configurations that illustrate experimentally implicated hydrogen bonds.

Influence of Cation Binding. {#s3}
----------------------------

The L10, -12, and -14 carbonyl sites at either end of the pore have been hypothesized to take part in a stepwise dehydration of cations prior to their passage through the pore, solvated only by the waters of the water wire and carbonyl oxygens lining the pore ([@r21]). The energetic cost associated with cation dehydration increases with each water that is removed, and, consequently, the two most costly waters remain on the cation as it transits the pore. The spectra of ^17^O-labeled gA for two concentrations of K^+^ ions associated with single (0.07 M salt) and double occupancy (2.4 M salt) of the gA channel are compared in [Fig. 4](#fig04){ref-type="fig"} to those without cations. Single-occupancy cation binding influences sites in the direct vicinity of the cation binding site, the L10 and L12 carbonyl oxygens, but not the L14 or the G2 and G2′ sites labeled here ([@r21]). The implication is that, once the third water is removed from the cation hydration sphere, the cation is free to transit through the pore, a process that is rapid. With single K^+^ occupancy, the cation further stabilizes the negative end of the water-wire electric dipole. The lack of change in the G2/G2′ spectra upon K^+^ single occupancy confirms the stability of the water positions in the pore, even in the absence of ion binding. This suggests that the water--carbonyl interactions throughout much of the channel are unperturbed by single-occupancy K^+^ binding ([@r21]).

![^17^O OS ssNMR spectroscopy of ^17^O single site labeled gA at G2, L4, L10, L12, and L14 in liquid-crystalline lipid bilayers with 0.0 M K^+^, 0.07 M K^+^, and 2.4 M K^+^ (spectra for L4 and L14 at 0.07 M K^+^ \[green\] were not recorded as only small differences were observed for their spectra at 0.0 \[blue\] and 2.4 M K^+^ \[black\] ions). The high-affinity bound K^+^ ion is illustrated as a purple sphere and the low-affinity K^+^ ion as a yellow dotted sphere. The ion positions are based on previously published data ([@r21]) and the current study.](pnas.2001083117fig04){#fig04}

The two resonances of L10 under conditions of single cation occupancy show small upfield shifts of 7 and 12 ppm. Since cation binding involves L10, a modest shift was anticipated for this site by direct interaction with the cation while a shift for the distal L10′ suggests lengthening and/or further stabilization of the water wire due to strengthening of the electric dipole moment by cation binding at the opposite end of the pore. Furthermore, the L12 resonance that was a singlet in the cation-free sample splits into two resonances upon single occupancy, with one resonance shifted upfield and the other unshifted. This upfield-shifted resonance is assigned to L12 interacting with the cation. However, this resonance has a weak intensity, suggesting that, similar to the situation noted above for L4′, the cation has two possible bound states: one where it directly interacts with both L12 and L10 and the other where it directly interacts only with L10. In the latter cation binding state, the L12 resonance merges with the L12′ resonance, accentuating the disparity in intensity between the two frequencies. Note that the strengthening of the water wire induced by single ion occupancy and detected by L10′ does not extend to the more distal L12′ carbonyl oxygen site that shows no change in frequency upon single occupancy. This is not surprising since L12′ has been modeled as having multiple waters from the bulk aqueous environment solvating this carbonyl oxygen ([@r21]).

Ion dissociation may be rapid on the millisecond timescale of the lifetime of the water wire orientation ([@r51], [@r52]). Dissociation (from the negative end of the water wire) is followed by rapid rebinding. Although rebinding by chance to the positive end of the water wire might flip the water wire orientation, rebinding to the negative end is favored by a factor of ∼20:1, due to electrostatic attraction by the water-wire electric dipole (see below). This significant bias for the negative end means that ions can dissociate and rebind many times, and the water-wire orientation is still preserved.

At 2.4 M K^+^, the first ion binding site is fully occupied while the second ("low-affinity") site has 80% occupancy. Unlike single occupancy that has a small effect on the anisotropy of the ^17^O tensor, double occupancy results in a significant reduction of the ^17^O anisotropy for the sites involved in cation binding, indicating enhanced carbonyl dynamics potentially associated with the exchange between L10 and L12 sites. These sites are also implicated by MD ([Fig. 4](#fig04){ref-type="fig"}), which also suggests that the low-affinity binding site is significantly off axis, permitting the water wire to have access to the bulk aqueous environment.

Clearly, cation binding in the high-affinity site significantly hinders K^+^ binding in the low-affinity site. It is also clear, that K^+^ double occupancy does not result in a symmetrized structure. Indeed, the water wire remains unidirectional throughout the pore, as in the single occupancy state. Small anisotropic ^15^N chemical shifts ranging from 6 to 10 ppm have previously been detected only in the cation binding sites (i.e., W11, W13, and W15 corresponding to the peptide planes with L10, L12, and L14) under conditions of double occupancy.

With double occupancy there are many dramatic shifts in the ^17^O resonances, presumably associated with the low-affinity subunit. The water wire appears to "tighten up" with slightly reduced water--water spacing, especially in the low-affinity subunit. Note that such packing is not restricted to an idealized *z* axis string of waters, but that there is a volume in this pore that can be optimally packed in response to the repulsion between the water-wire electric dipole and the ion at the low-affinity site. The sixth water in the wire now appears to be within range to hydrogen bond with the G2′ carbonyl. This tightening of the water wire appears to have further optimized the geometry for the G2 hydrogen bond with the more stable third water, resulting in an additional upfield shift for this resonance.

As mentioned above, an important feature of the electric dipole formed by the water wire observed in the MD simulations is its significant strength (12.1 ± 2.4 debye) that clearly influences cation binding at the low-affinity site, an example of negative cooperativity. Treating this dipole as continuously distributed over a line segment of 20-Å length (the distance between the two terminal molecules of the water wire), with the two ions at 2 Å from the terminal waters, and assuming an effective dielectric constant of 20, we estimate that the water-wire dipole would stabilize the high-affinity ion by 0.96 kcal/mol and destabilize the low-affinity ion by the same amount. The electrostatic interactions with a stable water-wire dipole would thus account for as much as an ∼24-fold difference in binding affinity, which is comparable to the experimentally measured ∼20-fold difference ([@r21]).

Discussion {#s4}
==========

The enhanced resolution of ^17^O spectroscopy at a very high magnetic field reveals unique insights into the chemical interplay between a transmembrane channel, its aqueous environment, and cations. The exquisite sensitivity of this quadrupolar nucleus to delicate molecular interactions, such as hydrogen bonds with water, represents a unique scientific tool that is coming of age. Here, this technology has permitted experimental observation of selective hydrogen bonds between water wire protons and isotopically labeled carbonyl oxygens lining the gA channel pore. Furthermore, it has been possible to resolve the resonances and hence the hydrogen bonding interactions in each of the gA subunits, despite the identical peptide structures. In uniformly oriented liquid crystalline lipid bilayer samples the water--carbonyl interactions are shown to have at least millisecond lifetimes under conditions with and without cations present when there is no cation or water concentration gradient across the membrane. Despite a relatively uniform distribution of the 28 carbonyl oxygens lining the pore, the hydrogen-bonding interactions with the eight water protons of the water wire are selective for specific carbonyl sites that are at an appropriate spacing along the water wire. The water wire itself has a stability gradient from the negative end of the electric dipole to the positive end, based on optimal hydrogen bonding of the waters at the negative end of the electric dipole. The water interactions at this end of the dipole over the first three waters of the water wire are particularly stable.

Water wires are critical biological assemblies supported by membrane proteins for the purposes of transporting charge and ions across membranes. The present unique high-resolution characterization of the gA water wire provides insights into the dynamics, structure, and functional mechanism of this ion channel. In liquid crystalline lipid bilayers, the gA water wire and its associated electric dipole are stable on the millisecond timescale, both with and without cations present. Upon single cation occupancy, the influence of the electric dipole extends even further into the terminal region of the second subunit than in the absence of cations. The K^+^ interactions upon double occupancy do not result in symmetrization of the channel; however, there are significant impacts on water carbonyl interactions in the pore and hence on the resultant electric dipole that stabilizes the high affinity cation binding state. Furthermore, under double occupancy, the cations in the high- and low-affinity sites do not exchange sites at their respective ends of the channel on the millisecond timescale. Such exchange would flip the water wire and its associated electric dipole, resulting in averaging of the ^17^O spectral frequencies of the two subunits into a single value. Consequently, these cation binding sites are also stable at least on the millisecond timescale. Indeed, the water-wire orientation and its associated electric dipole dictates the high-affinity and low-affinity sites of the dimer.

Utilizing the high-resolution structure of the gA channel derived in a lipid bilayer environment and the exquisite and well-documented sensitivity of ^17^O carbonyl resonances to hydrogen bonding, the experimental results were coupled with MD to model the water--carbonyl interactions. DFT calculations supported the interpretation of the ^17^O NMR resonance frequencies, generating a unique map of water/peptide interactions throughout the pore. In addition, ^17^O carbonyl resonances of the pore in the presence of K^+^ at single- and double-occupancy concentrations illustrated the influence of the cations on the water wire.

The profound influence of the water wire in this model system and the stable water--carbonyl interactions illustrate the significance and functionality for such wires in many channels and materials. In particular, the stability of the water wire and its electric dipole suggests that its influence in many other systems ([@r6]) could be more significant than generally recognized. To achieve such an understanding, unique ^17^O spectroscopy as reported here at a field strength of 35.2 T demonstrates the exquisite sensitivity to the chemical environs surrounding oxygen sites where so much of biological chemistry takes place.

Materials and Methods {#s5}
=====================

Sample Preparation. {#s6}
-------------------

The ^17^O enriched site specific labeled gA peptides utilized in this study had been previously synthesized and purified by Hu et al. ([@r24]). Briefly, amino acids were enriched by acid-catalyzed exchange at high temperature from H~2~^17^O (70% ^17^O enrichment; CIL, Andover, MA) as described by Steinschneider et al. ([@r53]). gA was synthesized by solid-phase peptide synthesis using the procedure described by Tian and Cross ([@r21]). In gA, the ^17^O Leu labeling was determined to be 57% ([@r24]).

gA and dimyristoylphosphatidylcholine (DMPC) lipid (Avanti Polar Lipids) samples were prepared as previously described ([@r54]) via cosolubilization in trifluorethanol (J.T. Baker) at a gA subunit-to-lipid molar ratio of 1:16. The solution was deposited on glass slides (Matsunami, Osaka, Japan), dried, and hydrated with 5 mM Tris buffer at pH 7.5 or KCl solutions (2.4 M and 0.07 M) at pH 7.0. Stacks of 40 to 42 slides were incubated for \>36 h at 98% relative humidity (RH) and 37 °C prior to sealing and incubating at 37 °C. Final samples contained between 42% and 48% water by weight ([@r55]). We also note that the incubation of the sample in the presence of ions at 98% RH can add considerable water without cations to the sample.

NMR. {#s7}
----

Proton-decoupled ^17^O solid state NMR spectra of specific site-labeled static gramicidin samples were acquired at 35.2 T (203 MHz) using a spin-echo sequence with π/2 and π pulse lengths of 1.5 μs and 3.0 μs, and a 20-μs echo period delay using an HX static probe at 30 °C ([@r36]). A 20-ms recycle delay period was used due to the 30-kHz proton decoupling. The length of signal averaging time was between 3 and 6 h for each of the spectra on the powered magnet (12 MW) that is operational for NMR on average ∼100 h a month for 8 mo. Spectra of samples labeled at G2, L4, L12, and L14 were acquired using a DFS satellite-transition inversion pulse ([@r56]). SAMPI4 spectra and sample preparation for ^15^N gA were described in ref. [@r36].

MD Simulation and Density Functional Theory Calculations. {#s8}
---------------------------------------------------------

MD simulations of gA (PDB ID code 1MAG) were carried out using NAMD software ([@r57]) with CHARMM force field ([@r58]). The protein was solvated by a TIP3P preequilibrated DMPC lipid bilayer ([@r59]). After 10,000 steps of energy minimization, the system was gradually heated to 303 K for 60 ps under constant volume. The simulation system was equilibrated under constant pressure and temperature for 1 ns; all heavy atom restraints were removed, and the simulation continued for 792 ns. The nonbonded interactions were smoothly truncated from 10 to 12 Å cutoff, and the particle-mesh Ewald method was used to treat long-range electrostatic interactions ([@r60]).

Only eight water molecules in the channel pore were extracted from the MD simulation with the symmetric gA dimer from OS ssNMR (1MAG) as the initial structure for quantum chemical calculations. The ONIOM method ([@r61]) was used due to the relatively large system. The inner layer with all backbone atoms and water molecules was treated by DFT B3LYP/6-31G(d,p) in geometry optimization. The outer layer with all side chain atoms was treated by universal force field ([@r62]) and fixed in the optimization. After optimization, NMR parameters were calculated by the gauge-independent atomic orbital method ([@r63]) with the inner layer treated by B3LYP/6-311++G(2d,p).

Data Availability. {#s9}
------------------

The data utilized in this manuscript to justify the results and conclusions of this work are entirely presented within the manuscript.
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